INTRODUCTION
CD40 is a member of the tumor necrosis factor receptor superfamily that was first identified and characterized in B cells [1] [2] [3] . Signaling through the CD40 receptor was found to play an important role in multiple events in T-cell dependent antibody responses, including B-cell survival and proliferation, germinal center (GC) and memory B-cell formation and immunoglobulin (Ig) isotype switching 4 .
CD40 signaling occurs in B cells following interaction between the CD40
receptor on B cells and its ligand (CD40L) expressed mainly on activated CD4 + T cells.
Patients carrying mutations in the CD40L gene develop a severe form of immunodeficiency, the hyper IgM (HIGM) syndrome, characterized by elevated levels of IgM, low levels of IgA, IgG, IgE, the absence of GCs, and inability to mount T-cell dependent humoral responses [5] [6] [7] [8] . CD40-or CD40L-deficient mice revealed a phenotype comparable to that of HIGM patients [9] [10] [11] . These observations suggest that CD40 is required for T-cell dependent Ig class switching and GC formation, but do not explain at which stage(s) of the GC reaction CD40 signaling is operative.
Several studies on CD40 activation of B cells in vitro have suggested a role of CD40 in all stages of mature B-cell physiology. CD40 activation is reportedly involved in proliferation, rescue from apoptosis, differentiation into GC B cells, isotype switching, maturation into memory B cells as well as prevention of differentiation of mature B cells into plasma cells [12] [13] [14] [15] [16] [17] . However, these in vitro studies cannot recapitulate the complexity of the GC reaction and, therefore, the results obtained may be dependent on the particular experimental context used.
only.
For personal use at PENN STATE UNIVERSITY on . bloodjournal.hematologylibrary.org From CD40 signaling activates different mediators and pathways whose outcome is the regulation of transcription factors. The CD40 signal transduction pathway involves tyrosine kinases (including syk and lyn), serine/threonine kinases (stress activated protein kinase/c-jun aminoterminal kinase SAPK/JNK, p38 MAPK, extracellular signal regulated mitogen-activated protein kinase ERK) and PI-3 kinase 18, 19 . These different pathways lead to activation of transcription factors including NF-B, NF-AT, AP-1 20, 21 . Many of the CD40 effects depend on NF-B activation which can be considered the main downstream effector of CD40 signaling 20 .
Thus, the CD40-CD40L interaction has been extensively studied in the past years, and its critical role in B-cell responses has been established. Nonetheless, it is not yet understood at which stages of B-cell development signaling through CD40 occurs. In particular, neither in vivo genetic ablation nor in vitro B-cell stimulation experiments could determine whether CD40 signaling is active at the beginning, throughout, or at the end of the GC reaction. To address this question, we first identified, using an in vitro system, the CD40 gene expression signature represented by genes that change expression after CD40 activation. This signature was used to investigate the presence of CD40 signaling in purified human B cells corresponding to defined developmental stages of the GC. The results were validated examining NF-B activation as well as the induction of CD40-induced genes as a read-out of CD40 signaling in normal human lymphoid tissues by immunohistochemical analysis. The data indicate the absence of CD40 signaling in centroblasts (CB) and in most centrocytes (CC), while they suggest that it may be active in pre-and post-GC B cells.
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MATERIALS AND METHODS

Cell lines and CD40 stimulation
The EBV-negative Burkitt lymphoma cell line Ramos was transduced with a retroviral expression vector (PINCO) carrying cDNA coding for the enhanced green fluorescence protein (EGFP) 22 only.
Generation of gene expression profiles
Total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) and subsequently purified by RNeasy Kit (Qiagen, Valencia, CA). Double strand cDNA was generated from 5 µg of total RNA using the SuperScript Choice System (Invitrogen Life Technologies, Carlsbad, CA) and a poly-dT oligonucleotide that contains a T7 RNA polymerase initiation site. The double strand cDNA was used as template to generate biotinylated cRNA by in vitro transcription using the MEGAscript 
Gene expression data analysis
To perform the supervised gene expression analysis we used the Genes@Work software platform (downloadable from http://www.research.ibm.com/FunGen/NewFiles/FGDownloads.htm), which is a gene expression analysis tool based on pattern discovery ideas [24] [25] [26] .
The dendrogram is generated using a hierarchical clustering algorithm based on the average-linkage method 27, 28 . For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From C 2 . In other words, if the cell types C 1 and C 2 were independent of the CD40 signature (the null hypothesis), then the genes in G up and G down would have no particular preference to take positive or negative values in either C 1 or C 2 . Therefore, under the null hypothesis, the average of g over all the genes in G up and G down should show no preference to be positive or negative. We define the continuous binary scores in sets G up ,
Under the null hypothesis, the quantities up S , down S and tot S will have zero mean and variance equal to
, respectively. The minus sign in front of the sum over G down has no effect under the null hypothesis, but will make these scores positive if the corresponding genes showed a behavior in C 1 and C 2 that is predominantly consistent with the behavior of the CD40 unstimulated and stimulated cells. Under the null hypothesis, the continuous scores are the sum of independent and similarly distributed variables. Thus, we can invoke the central limit theorem (which can be applied given that both N up and N down are large) and argue that these scores, when normalized by their standard deviations, are normally distributed. Ramos cells from six independent experiments, and labeled cRNAs were generated and hybridized to Affymetrix U95Av2 Gene Chips containing oligonucleotides corresponding to ~12,000 genes. The gene expression data were analyzed by the Genes@Work software platform [24] [25] [26] . Genes differentially expressed between the two groups of CD40-stimulated and unstimulated samples were identified by supervised analysis using highly stringent criteria (requiring consistency in the expression values across at least five out of six samples in each group).
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The resulting CD40 gene expression signature comprised 106 up-regulated and 73 down-regulated genes ( Figure 1A) . To investigate the specificity of the genes identified after CD40 stimulation, we analyzed the expression of the CD40 signature genes in the same cell system upon induction of BCR signaling (see supplemental figure 6 ). Only about 7% of the genes were affected consistently by both the stimuli, suggesting that the CD40 signature genes do not resemble a general "activation" signature that can be generated through another B cell activating signal. The CD40 signature genes were assigned to putative functional categories in order to better interpret the functional effects of the CD40 signaling ( Figure 1B) . Consistent with the known role of CD40 signaling in preventing apoptosis of B cells in vitro, the signature contained several genes involved in apoptosis: almost all were anti-apoptotic genes and were up-regulated; BIK, a proapoptotic gene, present in the signature, was down-regulated, thus confirming the establishment of an anti-apoptotic program. As expected, many transcripts encoding MHC class II as well as adhesion molecules (ICAM-1, LFA-3) were induced, consistent with the involvement of these genes in T-B cell interactions 35, 36 . Several chemokines (CCL3, CCL4, CCL22) that function in attracting T cells, as well as chemokine receptors involved in B-cell homing in secondary lymphoid tissue (CXCR5, CCR7), showed increased expression 37, 38 . Lymphotoxin and -, which play a role in dendritic cell recruitment and GC formation, were up-regulated 39, 40 . The CD40 receptor gene, as well as the genes coding for proteins involved in CD40 signal transduction (TRAF1, PI-3 kinase, Lyn tyrosine kinase and NFkB1/p50), were also induced. Overall, the most prominent aspects of the identified CD40 signature were the up-regulation of antiapoptotic and adhesion-related genes.
The activation of the NF-B transcription factors is a main downstream effect of CD40 signaling. Consistently, the CD40 signature included numerous genes that were previously reported to be NF-B dependent: genes involved in apoptosis (A20, bfl-1, IEX-1, FLIP, bcl-2) 31,41-43 , cell adhesion (ICAM-1) 44 , cytokines (IL-1beta, TNF alpha and beta, CCL3, CCL4, CXCR5) [45] [46] [47] [48] [49] [50] [51] [52] and signaling (TRAF1) 53 . Thus NF-B emerged once more as a critical mediator of CD40 signaling in our system.
Tracking CD40 signaling in purified normal B-cell subpopulations
To investigate the activity of CD40 in normal B cells, we interrogated for the presence of the CD40 signature in the gene expression profiles generated from pre-GC 23 . Details on the purification and gene expression profile analysis of these subpopulations were previously reported 23 . The expression of the CD40 signature genes identified in Figure 1 was analyzed in the normal subpopulations by unsupervised hierarchical clustering. induced genes are known to be NF-B target genes. Accordingly, the CD40 signature included many genes previously reported to be NF-B dependent (see Results). We observed up-regulation not only of I B alpha, but also of I B epsilon as well as of the precursor of the NF-B subunit p50, confirming in our system the well known role of NF-B in the tight transcriptional regulation of its own components 57, 58 .
CD40 signaling is known to activate not only NF-B transcription factors, but also members of the STAT family, in particular STAT3 and STAT6 59 . Here we report an effect on the STAT members STAT1 and STAT5a at the transcriptional level. The upregulation of the latter upon CD40 stimulation was reported to be NF-B related 56 ,
suggesting that the regulation of several transcription factors involved in CD40 signaling can also be a downstream effect of NF-B.
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Of note, genes that are known to be markers of GC B cells such as CD38, BCL-6 and OCA-B [60] [61] [62] were down-regulated in the CD40 signature, consistent with a role of CD40 signaling at late/exit stages of the GC reaction (see below).
Topographically sparse naïve B cells may receive CD40 stimulation
The gene expression analysis showed evidence of CD40 signaling in naïve B only.
CD40 signaling is absent in GC centroblasts
The CD40 signature was not detectable in CB and CC sorted according to the expression of the CD77 marker, suggesting that in vivo CD40 signaling does not occur in the majority of GC B cells. This observation was supported by the immunostaining results of c-Rel, p65, TRAF1 and JUNB in normal tonsil sections, which showed the absence of NF-B activation as well as CD40-induced genes in virtually all CB of the dark zone and in most of the CC of the light zone. In contrast with our results, a role for CD40 signaling in the GC was suggested by in vitro studies demonstrating that CD40 stimulation was necessary for the survival of isolated GC B cells 67 . In vivo the observation of spontaneous involution of established GCs upon block of CD40 signaling suggests an involvement in the maintenance of the GC structure affecting proliferation and/or rescue from apoptosis 66,68 . However, GCs can form in the absence of T cells or under conditions that specifically block CD40 signaling not supporting a role for CD40 activity in the proliferation stage 69 . Our results are in accordance with the latter observation indicating that CD40 signaling does not occur during the centroblastic phase of the GC reaction.
The absence of CD40 stimulation in GC B cells is also supported by the characteristic cellular composition of the GC structure. T cells are extremely rare in the dark zone, while they localize in the light zone together with follicular dendritic cells.
Thus, consistent with our results, the cells that are able to deliver a CD40 stimulation are absent from the centroblast compartment 70, 71 . Furthermore, BCL-6, whose expression is known to be down-regulated by CD40 signaling, is highly expressed in CB, supporting the absence of CD40 activity in this population 72 . Finally, our data are consistent with only.
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Although 
